Accumulating evidence indicates long noncoding RNAs (lncRNA) play a vital role in tumor progression. However, the role of linc00645-induced accelerated malignant behavior in glioblastoma (GBM) remains unknown. In the present study, linc00645 expression was significantly upregulated in GBM tissues and cell lines. High level of linc00645 was associated with poor overall survival in GBM patients. Knockdown of linc00645 suppressed the proliferation, stemness, migration, invasion, and reversed transforming growth factor (TGF)-β-induced motility of glioma cell lines. Furthermore, linc00645 directly interacted with miR-205-3p and upregulated of miR-205-3p impeded efficiently the increase of ZEB1 induced by linc00645 overexpression. Moreover, knockdown of linc00645 significantly suppressed the progression of glioma cells in vivo. miR-205-3p was a target of linc00645 and linc00645 modulates TGF-β-induced glioma cell migration and invasion via miR-205-3p. Taken together, our findings identified the linc00645/miR-205-3p/ ZEB1 signaling axis as a key player in EMT of glioma cells triggered by TGF-β. These data elucidated that linc00645 plays an oncogenic role in glioma and it may serve as a prognostic biomarker and a potential therapeutic target for the treatment of glioma in humans.
Introduction
Over the past few decades, glioma has been the leading cause of central nervous system malignant tumor-related deaths in China and worldwide 1 . Despite encouraging progress in the diagnosis and treatment, the prognosis of patients with glioma remains poor, with a median overall survival of 12-14 months 2 . The growing incidence and high fatality of glioma made it particularly urgent to elucidate the pathological mechanisms underlying its progression. It is well-known that the process underlying the occurrence of glioma is complicated, involving a lot of genetic mutations and multiple steps of biological processes 3 .
Epithelial-to-mesenchymal transition (EMT) is a wellrecognized integral component of invasion and migration processes 4 , which is characterized by loss of cell adhesion, changing in the composition of the cytoskeleton and acquisition of migration ability and invasive traits [5] [6] [7] . TGF-β is a crucial cytokine implicated in EMT, which activates EMT-related factors, such as zinc-finger transcriptional factors (Snail, Slug and ZEB1/2), Twist, αsmooth muscle actin (α-SMA) and ZEB1/2 [8] [9] [10] [11] .
Long noncoding (lnc)RNAs are a class of RNA transcripts, >200 nucleotides in length, without proteincoding ability 12 . lncRNAs were previously considered as transcriptional noise; however, they have now been found to play key roles in a series of biological processes, such as epigenetic regulation, histone modification, transcriptional control, and RNA metabolism 13, 14 . In particular, several lncRNAs are considered to be critical regulators of tumor progression, such as MALAT1 15 , HOTAIR 16 , SChLAP1 17 , ANRIL 18 , TUG1 19 , and ZEB1-AS1 20 . lncRNA H19, CCAT2, and HOTTIP has been found to be associated with EMT and poor patient prognosis in glioma [21] [22] [23] . However, the molecular mechanisms and potential biological role of lncRNA-mediated EMT remain largely unclear.
Long intergenic nonprotein coding RNA 645 (linc00645), which is located in human chromosome 14, is a newly identified lncRNA found to be oncogenic in endometrial cancer 24 . Chen et al. 24 first identified linc00645 by sequenced the lincRNA transcriptome of endometrial cancers and then the author found that linc00645 was upregulated in endometrial cancer and demonstrated exquisite specificity for malignant endometrium, which may utility as biomarkers of malignant pathology. Liang et al. 25 identifed the increased level of linc00645 through a combination of WGCNA, univariate Cox regression analysis, and LASSO PH model. Moreover, a lncRNA-based risk scoring system was constructed and showed Linc00645 may be related to focal adhesion, extracellular matrix receptor interaction, and mitogenactivated protein kinase signaling pathways, as well to poor prognosis in glioblastoma (GBM). This indicates that the linc00645 is a promising prognostic biomarker for GBM and may play important roles in tumorigenesis of GBM.
Recently, a number of studies have proven that lncRNAs act as ceRNAs to regulate EMT through impeding target miRNAs and indirectly regulating the miRNA target genes in biological events [26] [27] [28] [29] [30] . We investigated and performed a mechanistic analysis to determine how linc00645 modulates cell proliferation, invasion and migration. Taken together, these findings demonstrated the role of linc00645 in the progression of glioma and may point to a new treatment strategy for glioma.
Results

Aberrant expression and prognostic significance of linc00645 in glioma patients
In this research, we first explored the expression level of the lncRNA by collecting the data from TCGA and GEO database. For the normalized gene expression profile data, we used the edge R package of R software to analyze significantly aberrantly expressed lncRNAs at the level: moderately to GBM samples vs. normal samples 31 . We selected a log fold change > 2 and false-discovery rate (P value) < 0.01 as significantly cutoff values based on the Benjamini-Hochberg method 32 . Then top 200 differentially expressed lncRNAs meeting the criteria from TCGA and GEO databse were collected respectively. FunRich (http://www.FunRich.org) was used to detect the overlapping lncRNAs among GSE4290 and TCGA.
We generated Venn diagram by FunRich to visualize the intersecting lncRNAs between the results of two comparisons for further analysis (Fig. 1e ). Then 24 intersecting lncRNAs between the results of two comparisons were obtained and these lncRNAs were identified according to the level of log fold change and displayed in Fig. 1a-d . We noticed that linc00645 was markedly upregulated in glioma tissues and the differentially expressed level of linc00645 is the most significant in both GSE4290 and TCGA datasets. The volcano plot demonstrated that GBM patients showed high-level of linc00645 expression differences in TCGA dataset (P = 0.008; Fig. 1f ). These results indicated a significant increase of linc00645 level compared with normal brain tissues, and a positively correlation with the pathological grade of glioma in CGGA, and GEO databse. (Fig. 1a , c and Additional file 1: Fig. S1a ).
To further investigate the functions activated by linc00645, we analyzed the expression profiles of associated genes using data collected from the Gene Ontology (GO) database. The most prominent GO biological processes mainly included cell migration, adhesion, and zinc ion binding ( Fig. 1g ). Moreover, TCGA and CGGA data revealed that high level of linc00645 in patients with glioma was correlated with poor overall survival ( Fig. 1h and Additional file 1: Fig. S1b ). These results indicate that linc00645 may act as an oncogene and play a key role in glioma development.
Knockdown of linc00645 suppresses the malignant behavior of glioma cells
The linc00645 expression level was then confirmed in 50 GBM tissues and adjacent normal brain tissues (NBTs) and 5 glioma cell lines (U251, T98G, LN229, A172, and SHG44). Compared with the normal human astrocyte (NHA) cell line by conducting quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis. The linc00645 expression levels in glioma tissues and glioma cell lines were found to be significantly increased compared with those in normal tissues and NHA cell line ( Fig. 2a, b ). We then investigated the association between linc00645 overexpression and clinicopathological characteristics in 50 GBM samples. The results showed that linc00645 overexpression was significantly associated with gender and mean tumor diameter (Table 1) . Kaplan-Meier survival analysis revealed that higher linc000645 mRNA level was correlated with poor overall survival in GBM patients (P = 0.0034, log-rank test, Fig. 2c ).
To investigate the biological function of linc00645 in glioma, we employed two cell lines highly expressing linc00645 (U251 and T98G) and one low linc00645 expression cell line (LN229) for further experiments. Subsequently, we designed three different linc00645 short interfering RNAs (siRNAs) and one overexpression plasmid for transfection into the above mentioned cell lines. As shown in Fig. 2d , of the three siRNAs, si-linc 1# and 3# exhibited the best efficiency. In order to reduce the risk of off-target effects, we selected si-linc 1# and 3# for the following experiments. In addition, we constructed linc00645 overexpression vector using pcDNA3.1, and found that the linc00645 expression level was significantly upregulated following transfection in LN229 cells ( Fig. 2e ). Furthermore, linc00645 expression was measured in nuclear and cytoplasmic fractions from three glioma cell lines (U251, T98G, and LN229). As shown in Fig. 2f , linc00645 was localized mainly in cytoplasm, indicating that linc00645 may exert both transcriptional and posttranscriptional regulatory effects on glioma cell lines.
Since lncRNAs may participate in various biological processes, the following experiments were conducted to investigate the role of linc00645 in glioma. As shown in Fig. 2g , MTT assay demonstrated that the cell proliferation capacity was significantly reduced in cells transfected with si-linc1# and 3#. Furthermore, the colony formation assays revealed that linc00645 knockdown was associated with decreased clone number and size compared with the NC group in U251 and T98G glioma cells (Fig. 2h ). The apoptosis assay revealed that linc00645 knockdown slightly increased apoptosis in T98G cells, but not in Fig. 1 Expression of linc00645 in glioma and its prognostic significance in glioma patients. a Heatmap were constructed using the differential lncRNA between glioma and normal tissues detected by significance analysis in TCGA database. b Expression of linc00645 in the TCGA cohorts. c Heatmap were constructed using the differential lncRNA between different grades of glioma and normal tissues detected by significance analysis in GEO dataset. d Expression of linc00645 in the GSE4290 cohorts. e Twenty-four significantly differential-expressed lncRNAs were detected among TCGA and GSE4290 datasets. f Volcano plot indicated that linc00645 were differential expressed in two group. g GO analysis were performed using the linc00645 positive-associated genes in TCGA datasets. h Kaplan-Meier survival analysis showed high level of linc00645 was correlated with poor overall survival time in TCGA data c Kaplan-Meier algorithm showed high linc00645 was correlated with poor overall survival in 50 patients with GBM (log-rank test). d Linc00645 expression was efficiently knocked down by siRNAs in U251 and T98G cells as detected by qRT-PCR assays. e Ectopic expression of linc00645 in linc00645-transfected LN229 cells was determined by qRT-PCR. f Linc00645 expression levels in different subcellular fractions cells were measured by qRT-PCR in U251, T98G and LN229 cells. Black range indicates nuclear fraction, Gray range indicates cytoplasmic fraction. g MTT assay in si-NC or si-Linc 1# transfected U251 and T98G cells. (*P < 0.05, **P < 0.01, independent Student's t test). h Colony formation assay in si-NC or si-Linc 1# transfected U251 and T98G cells. i Effect of linc00645 knockdown on U251 and T98G cell apoptosis. The apoptosis rate was displayed with bar graph. j Expression of Bcl-2 and Bax in si-NC or si-Linc 1# transfected cells as detected by western blot. The protein level was displayed with bar graph. k, l si-Linc 1# may inhibite migration and invasion ability in U251 and T98G cells. Data are shown as the mean ± SD of three independent experiments. (*P < 0.05, **P < 0.01) U251 cells. Consistently, Bcl-2 was decreased while Bax was increased following linc00645 knockdown in T98G cells ( Fig. 2i -j).
We then investigated whether linc00645 affected glioma cell migration and invasion capacities. The wound healing assay revealed that cells transfected with si-linc1# and 3# exhibited reduced migration (Fig. 2k) . The Transwell assay also demonstrated decreased cell invasion capacity following downregulation of linc00645 expression ( Fig. 2l ). Conversely, overexpression of linc00645 enhanced the migration and invasion abilities in U251 and T98G cells (Additional file 1: Fig. S1c, d ).
Knockdown of linc00645 inhibits ZEB1 expression and impedes TGF-β-induced migration and invasion process in glioma cells
Accumulating evidence indicates that the TGF-β signaling pathway plays a key role in EMT induction in various types of cancer 33, 34 . In the present study, 5 ng/mL TGF-β was found to be sufficient in inducing EMT ( Fig. 3a and Additional file 2: Fig. S2a ), while the TGF-β receptor antagonist SB431542 could inhibit the EMT phenotype in U251 and T98G cells (Additional file 2: Fig. S2b ). By contrast, overexpression of linc00645 promoted EMT in LN229 cells (Fig. 3b ). linc00645 expression was significantly increased by TGF-β in U251 cells, but only slightly increased in T98G cells, and it was blocked by SB431542 ( Fig. 3c ). These results indicate that linc00645 may be involved in TGF-β-induced EMT in glioma.
Then, the levels of EMT markers were altered in U251 an T98G cells, with upregulation of E-cadherin and downregulation of vimentin, N-cadherin, Snail, and ZEB1 following linc00645 knockdown ( Fig. 3d and Additional file 2: Fig. S2g ). Then the images were captured under a light microscope (100×). Control group exhibited cobblestone-like character, while the TGF-β (+) group displayed spindle-like mesenchymal phenotype. But after co-cultured with TGF-β and si-linc 1#, the spindle-like mesenchymal phenotype was impeded. While overexpression of Linc00645 restored the expression of EMTrelated markers when TGF-β is inhibited by SB431542 ( Fig. 3e ). And lin00645 may regulate EMT process in a TGF-β dependent manner. The results further supported that linc00645 modulates TGF-β-induced EMT process.
To verify the effects of linc00645 on EMT, we explored the expression levels of EMT markers and EMT-related transcription factors. The correlation of the linc00645 expression level with E-cadherin, vimentin, N-cadherin and ZEB1 was further investigated in the cohort of GBM samples from the TCGA database. The results verified that linc00645 expression was significantly correlated with the expression of E-cadherin (R = −0.1743, P = 0.0301), Vimentin (R = 0.2541, P = 0.0013), N-cadherin (R = 0.2096, P = 0.0088), and ZEB1 (R = 0.2608, P = 0.0010) ( Fig. 3f and Additional file 2: Fig. S2c ). In order to observe the switch of EMT process within glioma cells, we costained E-cadherin/Vimentin in U251 and T98G cells by immunofluorescence staining assays ( Fig. 3g ). Collectively, these results demonstrated that linc00645 is associated with EMT, which is a contributor to tumor metastasis in glioma.
Correlation between linc00645 and miR-205-3p
Using miRDB and LncBase V2. database blast prediction combined with the data from TCGA, we found that linc00645 has several putative miRNA targets (miR-15-5p, miR-23a-3p, and miR-200a-3p). miR-205-3p had the highest score, and accumulating evidence indicates that miR-205-3p participates in EMT regulation by targeting ZEB1 35, 36 . The potential binding sites of linc00645 were predicted by the bioinformatics databases ( Fig. 4a and Additional file 2: Fig. S2d ). The expression of miR-205-3p was downregulated in glioma tissues and glioma cell lines compared with normal brain tissues and NHA cell line (Fig. 4b, c ). Then we found that the expression level of linc00645 was inversely correlated with the expression of c qRT-PCR assay showed the level of linc00645 and EMT markers in TGF-β and SB431542 treated U251 and T98G cells. d Western blot analysis showed the expression of EMT markers in si-NC or si-Linc 1# transfected followed by TGF-β treated U251 and T98G cells. e Glioma cells were transfected with pcDNA3.1-linc00645/vector and subsequently treated with TGF-β inhibitor. Western blot assay showed the expression of EMT markers in LN229 cells. f The correlation analysis was performed between linc00645 expression with the expression of Vimentin in GBM samples from TCGA dataset (P < 0.05). g Immunofluorescence staining assay showed a downregulated expression of Vimentin in si-NC or si-Linc 1# transfected followed by TGF-β treated U251 and T98Gcells (magnification ×400). Scale bars = 100 μm. The protein level was displayed with bar graph. Data are shown as the mean ± SD of three independent experiments. (*P < 0.05, **P < 0.01 and # P < 0.05, ## P < 0.01) miR-205-3p in human glioma tissues (Fig. 4d ). The Kaplan-Meier curve demonstrated that a high level of miR-205-3p was positively correlated with the overall survival of patients with glioma ( Fig. 4e ). Furthermore, we observed that the miR-205-3p level was significantly reduced after TGF-β stimulation in U251 and T98G cells which indicating that upregulation of linc00645 may be associated with the decrease of miR-205-3p after treating with TGF-β ( Fig. 4f )
The efficiency of miR-205-3p expression after glioma cells transfected with miR-205-3p mimics and inhibitor was identified by qRT-PCR assay (Fig. 4g, h ). Then we focused on miR-205-3p and investigated the interaction between linc00645 and miR-205-3p in glioma tissues and cell lines. We then detected whether miR-205-3p could inhibit the expression of linc00645 in glioma cells. Indeed, increased miR-205-3p expression with miR-205-3p mimic could decrease the expression of linc00645 in U251 and Fig. 4 Correlation between linc00645 and miR-205-3p. a The predicted miR-205-3p binding sites on linc00645 and schematic of wild and mutant psiCHECK2-linc00645 constructs. b, c qRT-PCR analysis showed miR-205-3p was downregulated in glioblastoma tissues (n = 50) and glioma cell lines. d Pearson's correlation analysis indicated the negative relationship between linc00645 expression and miR-205-3p level in 50 glioma patients. e Kaplan-Meier analyses showed low miR-205-3p level was correlated with poor overall survival of glioma patients (The log-rank test was used to calculate P values). f Expression of miR-205-3p was increased in TGF-β treated U251 and T98G cells. g, h The efficiency of miR-205-3p expression after glioma cells transfected with miR-205-3p NC, mimics, inhibitor NC and inhibitor. i After transfecting with miR205-3p mimics, the level of linc00645 was decreased in U251 and T98G cells as detected by qRT-PCR. j miR-205-3p was upregulated by linc00645 knockdown in U251 and T98G cells. k Western blot analysis showed the expression of E-cadherin, Vimentin, N-cadherin, Snail, and ZEB1 in miR-205-3p and pcDNA-linc00645 transfected U251 cells. The protein level was displayed with bar graph. Data are shown as the mean ± SD of three independent experiments. (*P < 0.05 and **P < 0.01, # P < 0.05) T98G cells ( Fig. 4i) . A reciprocal repression between MALAT1 and miR-205/miR-202 has been reported in cervical cancer cells and gastric cancer 37, 38 . To investigate whether miR-205-3p was able to be negatively regulated by linc00645, we decreased the expression of linc00645 in glioma cells. The results suggested that miR-205-3p was upregulated by linc00645 knockdown in U251 and T98G cells ( Fig. 4j ). Then the effect of EMT was increased by overexpression of linc00645 in LN229 cells, which could be abolished by adding miRNA-205 to cells overexpressed linc00645 ( Fig. 4k ). These data confirmed that linc00645 and miR-205-3p reciprocally repress each other in glioma cells under both basal and stimulate conditions. miR-205-3p was a target of linc00645 lncRNAs act as endogenous miRNA sponges for binding to miRNAs or participating in the competitive endogenous RNAs (ceRNA) regulatory network. Then, we subcloned full-length linc00645 (WT or MUT) into the downstream of firefly luciferase gene in psiCHECK2 vector (Fig. 4a ). Further, co-transfection with the psiCHECK2-linc-WT luciferase reporter plasmid and miR-205-3p mimics reduced the reporter activity compared with the NC group in U251 and T98G cells (Fig. 5a, b) . It is well-known that miRNAs function by interacting with RNA-induced silencing complex (RISC) that is required for miRNAs mediated gene silencing, and potential targets of miRNAs can be isolated from this complex after Ago2 co-immunoprecipitation. Then we conducted RNA immunoprecipitation (RIP) assay with Ago2 antibody by qRT-PCR in U251 and T98G cells (Fig. 5c ). As shown in Fig. 5d , e, compared with NC (Anti-IgG), linc00645 and miR-205-3p were both preferentially enriched in Ago2 antibody-incubated beads. And miR-205-3p inhibitor inhibited the interaction of AGO2 with Linc00645 in U251 and T98G cells (Fig. 5e ). Consistently, these data indicated that linc00645 and miR-205-3p were in the same RISC complex and enriched in Ago2 in glioma cells.
As previously reported, miR-205-3p was found to directly target ZEB1 in several cancers, such as ovarian cancer, breast cancer, and oral squamous cell carcinoma 39 . To confirm these findings, we prepared psi-CHECK2-ZEB1-3′UTR-WT or MUT luciferase reporter vector and then co-transfected it with miR-205-3p into glioma cells. The luciferase activity was measured and upregulation of miR-205-3p significantly decreased the luciferase activity compared with NC (Additional file 2: Fig. S2e, f) .
Collectively, the above mentioned data indicate that miR-205-3p was a target of linc00645.
Linc00645 modulates TGF-β-induced glioma cell migration and invasion via miR-205-3p
To identify the mechanisms underlying the inverse changes in linc00645 and miR-205-3p expression in response to with or without TGF-β, we examined the regulatory relationship between linc00645 and miR-205-3p using gene overexpression and/or knockdown. Glioma cells were transfected with miR-205-3p mimics/NC or miR-205-3p inhibitor/inhibitor NC and subsequently treated with TGF-β. The data indicates that miR-205-3p overexpression inhibit linc00645 expression upregulated by TGF-β while miR-205-3p knockdown shows the opposite effects (Fig. 6a, b) . These result confirm that miR-205-3p directly regulates linc00645 expression under both basal and stimulated conditions.
We observed that decreased protein levels of E-cadherin and increased Vimentin, N-cadherin, and ZEB1 were detected in glioma cells following TGF-β stimulation (Fig. 6c, d) . A plausible explanation is that TGF-β treatment induced linc00645 expression, leading to downregulation of miR-205-3p and upregulation of its target ZEB1. miR-205-3p suppressed TGF-β-induced Vimentin, N-cadherin, and ZEB1 expression, and these changes were accompanied by increased E-cadherin level (Fig. 6c, d) . These data supported the inhibitory role of miR-205-3p in TGF-β-induced EMT through downregulation of ZEB1. Linc00645 overexpression further restored the levels of ZEB1, as well as the EMT-related proteins Vimentin and N-cadherin downregulated by miR-205-3p ( Fig. 6c, d) .
These results further support that linc00645 modulates TGF-β-induced EMT via miR-205-3p.
The hallmark of EMT is the loss of cell-cell adhesion and gain of migratory and invasive capacities. Our results indicated that, in alignment with increased EMT-related marker expression level, TGF-β treated glioma cells exhibited increased cell migration and invasion (Fig. 6e, f) . Moreover, linc00645 knockdown further reduced cell migration and invasion increased by miR-205-3p inhibitor (Fig. 6e, f) . Therefore, this evidence suggests that linc00645/miR-205-3p/ZEB1 signaling pathway play a key role in TGF-β-induced EMT process of glioma cells.
Linc00645 knockdown regulated the ability of self-renewal and stemness and prompted differentiation in GSCs
To further explore the role of linc00645 in the stemness and self-renewal of CD133 + glioma tumor stem cells (Fig. 7a) . We investigated the self-renewal ability of linc00645 on neurosphere formation in U251 GSCs. qRT-PCR and Western blot assays demonstrated that linc00645 knockdown decreased the level of specific stemness markers, including Bmi-1, Oct-4, Sox-2, and Nanog (Fig. 7b, c) . Subsequently, a significant decrease was detected in the volume and number of neurospheres transfected with si-linc 1# compared with NC group, indicating that linc00645 play a role in GSCs (Fig. 7d, e ). Then the expression of stem cell marker (Nestin) and glial cells marker (GFAP) was examined in U251 GSC. These data confirmed that lin00645 knockdown decreased the percentage of Nestin-positive cells and enhanced GFAP expression in glial differentiation (Fig. 7f, g ). All these results suggested that linc00645 play a critical role in the maintenance of GSC stemness.
Linc00645 inhibition significantly suppressed tumor growth in vivo
To further assess the biological roles of linc00645 knockdown in vivo, an intracranial glioma model in nude mice was constructed. sh-NC or sh-linc00645 were intracranially inoculated with U251-luc cells into BALB/c nude mice. Whole-body bioluminescence imaging was employed to investigate the effect of sh-linc00645 on glioma tumor growth. The results revealed that linc00645 knockdown led to an obvious reduction in tumor formation (P < 0.001, Fig. 8a, c) . H&E-stained coronal brain sections were obtained to show the tumor xenografts ( Fig. 8b) . Then, qRT-PCR assay demonstrated that miR-205-3p expression was upregulated in the sh-linc00645 group (Fig. 8d ). Moreover, linc00645-knockdown U251 cells exhibited decreased levels of ZEB1 (Fig. 8e ). To further evaluate the inhibitory effect of sh-linc00645 on glioma development in nude mice, the survival time of each group (n = 7 per group) was evaluated by Kaplan-Meier curves, and the sh-linc00645-treated group exhibited a significant improvement in survival compared with the control group (P < 0.05; Fig. 8f ).
Discussion
Glioma is one of the leading causes of malignant central nervous system tumor-related deaths, and its prognosis remains poor 1,2 . In recent years, numerous studies reported the involvement of EMT or EMT(-like) mechanisms in increasing the malignancy of other nonepithelial tumors 7 . GBM tissues attributed to the mesenchymal subtype are characterized by significantly shortened event-free and overall survival 40 . And the recently defined mesenchymal subgroup of GBMs convincingly shows that the EMT(-like) process has clinical importance also in the case of malignant brain tumors 41 . And the molecular processes which increased tumor invasion, apoptosis resistance and cell migration in different tumors lacking the epithelial background, unequivocally regards EMT or EMT(-like) changes as an ubiquitous phenomenon with high clinical relevance 40 .
Accumulating evidences have demonstrated EMT is initiated by transcription factors or external signals, such a ZEB, Snail, Slug, and TWIST 42 . In addition, an increasing number of lncRNAs have been identified as regulators of TGF-β signaling and EMT process. Padua et al. indicated that downregulation of Hotair expression suppressed the EMT process by TGF-β1 in breast cancer 43 . LncRNA XIST had been reported to play a role in regulating tumor metastasis in colorectal cancer 44 . It has been reported that lncRNAs participated in TGF-β signaling and the EMT process 45 . Lu et al. 46 suggested that linc00673 repressed the malignant biological cell behavior and EMT by sponging miR-150-5p. XIST was shown to promote TGF-β-induced EMT by regulating miR-367/141 in NSCLC 47 .
A growing number of studies confirm that lncRNAs can also antagonize other noncoding RNAs, such as miRNAs, and miRNAs may also exert a regulatory effect on lncRNAs 48, 49 . It has been previously reported that miR-205-3p suppresses proliferation and invasion of glioma cells 50, 51 . Then we hypothesized that linc00645 inhibits the malignant behavior of glioma via interacting with miR-205-3p.
Recent studies reported that ncRNAs involved in the regulation of the epithelial phenotype and inhibition of EMT, including several miRNAs, such as the miR-200 family, were verified to target ZEB1 39 . miR-205-3p has been reported to play a role in EMT process by inhibiting the expression of ZEB1 by binding the 3′UTR site 52 . ZEB1, one member of ZEB protein family, was considered as a transcriptional factor which cooperated with TGF-β signaling and downregulated the expression of Ecadherin. Furthermore, ZEB1 was found to promote EMT in tumor cells 42 .
The crosstalk between miRNAs and TGF-β signaling mediated EMT process and tumor invasion has been demonstrated in many cancer types 53 . It has been reported that inhibition of SMAD3 by miR-145 and miR-203, and inhibition of SMAD4 by miR-205 can suppress TGFβ-induced EMT in NSCLC cells 54 . In the present study, we found that 205-3p represses TGF-β-induced EMT and glioma cell migration and invasion. More and more evidence suggested that miR-205 alone or together with miR-200 influenced cancer cell invasion mainly through TGF-β signaling and EMT 39 . These result are in agreement with ours study that miR-205-3p inhibit TGFβ-induced motility and invasion. Linc00645 downregulated miR-205-3p by suppressing the expression of endoribonuclease DICER. miR-205-3p suppressed linc00645 expression by recruiting linc00645 to RISC for degradation. Linc00645 modulates TGFβ-induced EMT through regulation of miR-205-3p and its target genes ZEB1 (Fig. 8g) .
In conclusion, our research indicated that high lin-c00645expresion predicted worse overall survival for glioma patients. Our findings identified the linc00645/ miR-205-3p/ZEB1 signaling axis as a key player in EMT of glioma cells triggered by TGF-β. These results will improve our understanding of the mechanisms underlying cancer development and may provide a potential novel strategy for the treatment of human glioma.
Materials and methods
Cell culture and clinical samples
The human glioma cell lines U251, LN229, T98G, A172, and SHG44 were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Normal Human Astrocyte (NHA) cells were purchased from the American Type Cell Culture Collection (ATCC; Rockville, MD, USA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) with 10% fetal-bovine serum (Gibco; Thermo Fisher Scientific, Inc., Los Angeles CA, USA) in a 37°C, 5% CO 2 humidified atmosphere.
GBM samples and adjacent normal brain tissues were collected from 50 patients who underwent tumor resection at Harbin Medical University Cancer Hospital between December 2012 and December 2016 Additional file 3: Table. S1. GBM patients had not received radiotherapy or chemotherapy treatment prior to surgery. All tissue samples were pathologically confirmed and immediately snap-frozen in liquid nitrogen until RNA extraction. Written informed consent to the use of the tissue samples for research purposes was obtained from each patient. All procedures were conducted in accordance with the principles outlined in the Declaration of Helsinki, and all applicable international, national and/or institutional guidelines for the care and use of animals were followed. The study protocol was approved by the Ethics Committee of Harbin Medical University (Harbin, China).
Sphere formation assay
The U251 glioma stem cell (GSC) cells were cultured in serum-free DMEM supplemented with B-27 (Gibco; Thermo Fisher Scientific, Inc., NY, USA), 20 ng/ml basic fibroblast growth factor (bFGF; Sigma-Aldrich; Merck KGaA, St. Louis, MO, USA) and 20 ng/ml epidermal growth factor (EGF; Sigma-Aldrich; Merck KGaA). The cells were suspended in ultra-low attachment surface 6well culture plates (Corning Inc., Corning, NY, USA). The medium was changed every 3 days. The number of neurospheres was counted under a light microscope (Nikon Corp., Tokyo, Japan).
Data acquisition
The RNA-seq data were obtained from the Cancer Genome Atlas (TCGA) database (http://cancergenome. nih.gov), the Chinese Glioma Genome Atlas (CGGA, www.cgga.org), and the Gene Expression Omnibus (GEO) dataset. The independent dataset from GSE4290 was included in this study. The expression levels for each gene were calculated as transcripts per million values, which were defined by RSEM. GO analysis was performed using the Database for Annotation, Visualization, and Integrated Discovery (http://david.abcc.ncifcrf.gov/) online tool 30 . Significantly enriched gene sets were investigated. miRanda 55 and TargetScan 56 were utilized for miR-205-3p potential target screening.
Transfection of glioma cells
For transfection, glioma cells were cultured in 6-well plates at 3 × 10 5 cells/wells and incubated in a 37°C, 5% CO 2 humidified atmosphere. After 24 h, linc00645 siRNA and negative control (NC) siRNA (50 μM each), miRNA mimics and inhibitor (200 pmol each) from GenePharma (Shanghai, China) were transfected into cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer's instructions. Cells were starved in serum-free medium for 4 h before medication and were continued in culture for 48 h. The siRNA sequences are listed in Table 2 . The overexpression plasmid of linc00645 was synthesized into the pcDNA3.1(+) vectors. The psiCHECK2 dual luciferase vector was obtained from Promega (Madison, WI, USA).
Western blot analysis
Cell lysates were collected by RIPA protein extraction buffer (Beyotime Institute of Biotechnology, Beijing, China) with protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred onto a polyvinylidene fluoride membrane (EMD Millipore Billerica, MA, USA). The membrane was then incubated with specific primary antibodies at 4°C overnight (Table 3 ). Horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody was added separately. The bands were captured using the Chemi-Doc TM MP Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
qRT-PCR analysis
Total RNA was extracted from cells and tissues using the High Pure RNA Isolation Kit (Roche) and reverse transcription was performed with the PrimeScript ® RT Reagent Kit Perfect Real Time (Takara, Dalian, China). qRT-PCR was conducted to detect mRNA, miRNA, and lncRNA by using the Takara's SYBR Premix Ex Taq ™ II (Tli RNaseH Plus) according to the manufacturer's instructions. The results were normalized to the expression of GAPDH. Briefly, RNA was reverse transcribed (RT) using a cDNA kit in combination with a stem-loop primer for miRNA-205-3p. For miRNA quantification, the U6 gene was used as an internal control. The specific primer sequences are presented in Table 4 . Subsequently, the assay was performed on a CFX96TM Real-Time System (Bio-Rad Laboratories, Inc.). The 2 −△△Cq method was used for quantification and fold-change for target genes was normalized by internal control.
Isolation of cytoplasmic and nuclear RNA
Cytoplasmic and nuclear RNA were collected and purified by using the PARIS Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturers' instructions.
Cell proliferation and colony formation assay
Cell viability was detected using a cell proliferation kit (Beyotime Institute of Biotechnology). Cells were seeded into 96-well plates at a density of 2000 cells/well. Following transfection with si-Linc 1#, 2#, 3# and a negative control (si-NC), 20 μl of MTT reagent was added to each well and then incubated for 4 h at 37°C. The cell proliferation curves were measured at a wavelength of 570 nm at each indicated time point. Experiments were performed in triplicate.
For the colony formation assay,~200 cells were cultured in 6-well plates after transfection for 48 h and maintained in 10% fetal bovine serum (FBS) at 37°C for 12 days. After this, the colonies were fixed with 4% polyoxymethylene and stained with a hematoxylin and eosin (H&E) Staining Kit (Beyotime Institute of Biotechnology). The colony formation ratio was manually calculated.
Flow cytometry analysis
Apoptosis assay was conducted using the FITC/ Annexin V Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA). Cells were collected via trypsinization and washed twice with ice-cold phosphate- 
Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde for 20 min and 0.1% Triton X-100 for 5 min. The samples were washed and blocked with 5% bovine serum albumin in PBS for 1 h and incubated with primary antibodies against vimentin (1:50, ProteinTech) at 4°C overnight, followed by incubation with fluorescence-labeled rabbit secondary antibody (1:100, ProteinTech) for 1 h at room temperature. The nuclei were stained with DAPI for 10 min and examined using a fluorescence microscope (Nikon Corporation).
Transwell assay and wound healing assay
Invasion assays were conducted using Corning chambers (Corning Life Sciences, Bedford, MA, USA). Cell suspensions were harvested 24 h after transfection and 5 × 10 4 cells in serum-free media were added into the upper chambers, which were coated with Matrigel (Sigma-Aldrich; Merck KGaA), while media containing 20% FBS were added into the lower chamber. The cells were incubated for 24 h at 37°C. Cells remaining on the upper surface of the membrane were gently removed with a cotton swab, and cells that had invaded through the membrane were stained with methanol and H&E, before being counted in 4 random fields at a magnification of ×100.
For the wound-healing assay, transfected cells were seeded onto six-well plates and cultured overnight. Wounds were created by scratching the cell layer with a sterile 200 μl pipette tip followed by washing with PBS. Cells were cultured with media containing 2% FBS for another 24 h and images were captured under a microscope. Both experiments were independently performed in triplicate.
Luciferase reporter assay
To investigate whether miR-205-3p directly binds to the linc00645 3′ untranslated region (UTR), dual luciferase reporter assays were conducted. The psiCHECK2 vector (GeneChem, Shanghai, China) was employed to construct linc00645 3′UTR-containing reporter plasmids. Cells were co-transfected with psiCHECK2-linc-wild-type (WT), psiCHECK2-linc-mutant (MUT), psiCHECK2-ZEB1-3′UTR-WT or psiCHECK2-ZEB1-3′UTR-MUT reporter plasmids and miR-205-3p NC mimics. After transfection, the cells were lysed and subjected to luciferase assays using the Dual-Luciferase Reporter Assay System (Promega Corporation), according to the manufacturer's instructions. Data were normalized to Renilla luciferase activity.
Anti-AGO2 RIP assay RIP assay was performed using the Magna RIP RNA-Binding Protein Immunoprecipitation (RIP) Kit (EMD Millipore). U251 and T98G cells transiently transfected with miR-205-3p were harvested using RIP lysis buffer and 100 μl of the cell lysate was employed for RIP experiments using an anti-AGO2 antibody (Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. The beads were attracted by a magnetic separator, and samples were fixed with proteinase K. The RNA fraction isolated by RIP was subjected to qRT-PCR analysis to identify the direct binding between linc00645 and miR-205-3p.
In vivo experiments
Four-week-old female BALB/c nude mice were obtained from Vital River Laboratory Animal Technology (Beijing, China), were kept under standard conditions (15-20 g) . Luciferase lentivirus of linc00645-shRNA or NC-shRNA were purchased from GeneChem (Shanghai, China). Then U251 cells were stable transfected with luciferase lentivirus. Subsequently, cells (5 × 10 5 cells/mouse in 3 μL) were intracranially injected into the mice (n = 7 per group) using a stereotactic instrument. After 30 days, tumor growth were measured by bioluminescence imaging (photons/s/cm 2 /sr) using Bruker In-Vivo FX PRO Imaging System (Bruker, Germany). After 40 days, the mice were anesthetized using isoflurane and sacrificed, then the tumors were excised. Then the tumor tissues were stored at −80°C or fixed in 4% paraformaldehyde, and then histologically analyzed with H-E staining. All applicable international, national and/or institutional guidelines or the care and use of animals were followed. These procedures were displayed approval by the Institutional Review Board of Harbin Medical University.
Statistical analysis
Statistical analyses were performed using SPSS v. 19 .0 (IBM Corp., Armonk, NY, USA). Data are presented as the mean ± standard deviation. Heat maps were constructed using HEMI 1.0 software. The correlation between linc00645 expression and the clinicopathological characteristics of patients with glioma was analyzed using the ÿ 2 test or Fisher's exact test. Survival curves were drawn using the log-rank test with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The independent Student's t test was used to analyze the statistical significance between two groups and one-way ANOVA with post hoc Tukey's test was applied to test for differences among at least three groups to obtain individual P values followed by ANOVA. The association of the expression of linc00645 with miR-205-3p, E-cadherin, Vimentin, N-cadherin, and ZEB1 was analyzed using Pearson's correlation. A P value < 0.05 was considered to indicate a statistically significant difference.
